The homeobox gene Six4/AREC3 is a member of the vertebrate Six family of transcription factor genes. In this study we describe the cloning and expression of three zebra®sh homologues of Six4/AREC3, six4.1, six4.2 and six4.3. These zebra®sh Six4 proteins show high homology to the mammalian Six4/AREC3 proteins in the most C-terminal region in addition to the Six domain and homeodomain. Wholemount in situ hybridization showed that six4.1 is expressed in the presumptive cranial placodal precursor cells, and later in the olfactory, otic and lateral line placodes. six4.2 is expressed in the presomitic mesoderm, somites and pectoral ®n bud. six4.3 appears to be a unique member of the Six4 proteins and is expressed ubiquitously at gastrulation and later in the tectum. q
Results and discussion
The transcription factor Six4 was ®rst identi®ed as a protein AREC3 in HeLa cells that binds to a positive regulatory element of the Na, K-ATPase a1 subunit gene promoter (Suzuki-Yagawa et al., 1992) . A cDNA cloning of the mouse Six4/AREC3 revealed that its product contains the Six-type homeodomain and the Six domain (Kawakami et al., 1996a) . To date, Six4 homologue genes have been found in human, chicken, zebra®sh, fruit¯y and nematode Esteve and Bovolenta, 1999; Seo et al., 1998 Seo et al., , 1999 . Here we report the isolation of three zebra®sh Six4 genes, six4.1, six4.2 and six4.3, and their expression patterns during embryogenesis.
Comparison of the amino acid sequences between the zebra®sh and mammalian Six4 proteins revealed a high degree of similarity within the Six domain (SD) and the homeodomain (HD) (Fig. 1A) . The phylogenetic tree based on the HD sequences of the Six proteins also indicated all three zebra®sh proteins belong to the Six4 subclass (Fig. 1B) . Besides these two characteristic domains, only the Cterminal region is homologous, hence the region being named the C-terminal homologous region (CHR; Fig.   1C ,D). Six4/AREC3 and Six5/DMAHP proteins of the mouse and human contain the CHR, but other Six family proteins such as Drosophila D-Six4 do not. Since we previously demonstrated that the C-terminal portions of mouse Six4 and Six5 have intrinsic transactivation activity (Kawakami et al., 1996a; Ohto et al., 1999) , the CHR may serve as a candidate for a transcriptional activation domain used in common among Six4 and Six5 proteins. The Nterminal half of Six4.1 is completely identical with Six8, a previously reported Six4-related protein in zebra®sh (Seo et al., 1998) , although the additional 70 amino acid sequence including the CHR is missing in Six8.
Whole-mount in situ hybridization showed that expression patterns of the zebra®sh Six4 genes are different from each other. At gastrulation, six4.1 is expressed in involuting hypoblast cells, predominantly on the dorsal side ( Fig. 2A±  C) ; six4.2 is expressed in the marginal zone except in the dorsal midline, and later in the paraxial mesoderm ( Fig. 2D±  F) ; the expression of six4.3 is ubiquitous (data not shown).
At the end of gastrulation, six4.1 expression in ectodermal cells begins at the rostral edge of neuroectoderm and becomes concentrated in a horseshoe-shaped band which surrounds the developing anterior neural plate (Fig. 3A,B) . This expressing pro®le resembles the one of dlx3 ( Fig. 3C ; Akimenko et al., 1994) and eya1 (Sahly et al., 1999) . The precursor cells of the cranial placodes are located in these regions. During the segmentation period, six4.1 expression is progressively restricted to several patches that later form the olfactory placode, the otic vesicle and the preotic and postotic lateral line placodes (Fig. 3D±H) ; it is notable that the lens placode in which six3.2 is expressed (renamed of six3; Kobayashi et al., 1998 ) is negative for the six4.1 expression. Expression of six4.1 is also observed in the placode of the midbody lateral line, which starts to migrate caudally (Fig. 3E,G; Metcalfe, 1989) . At 24 h, the expression of six4.1 in the rostral head is con®ned to cells at the periphery of the olfactory placode and in the anterior pituitary (Fig. 3F,G) ; posteriorly, six4.1 is expressed in the trigeminal ganglia, developing somites and pectoral ®n buds, in addition to the otic and lateral line placodes ( Fig.  3G ,H; data not shown).
Expression of six4.1 in the cranial sensory placodes continues during their further development. Cells in the olfactory placode are still expressing six4.1 after invagination to form the olfactory pit (Fig. 4B) ; six4.1 staining in the olfactory epithelium is diminished by 60 hours, although it remains positive in the apical surface, in which the olfactory receptors and the sensory neurons exist ( Fig. 4C ; Whitlock (Boucher et al., 1996) ; m2, mouse Six2 (Kawakami et al., 1996b) ; m3, mouse Six3b (Kawakami et al., 1996b) ; m4, mouse Six4/AREC3 SM-type (Kawakami et al., 1996a) ; m5 mouse Six5/DMAHP (Kawakami et al., 1996b) ; m6 mouse Six6/Optx2 (Toy et al., 1998) . Nucleotide sequence data of zebra®sh six4.1, six4.2 and six4.3 have been deposited in the DDBJ/EMBL/GenBank databases with the accession number AB040709, AB045623 and AB045624. (B) A phylogenetic tree of the Six proteins. Amino acid sequences in the HD were analyzed. The tree was constructed by the NJ method (Saitou and Nei, 1987) using the CLUSTAL W program (Thompson et al., 1994) . Source: Drosophila D-Six4, Seo et al. (1999) ; chicken cSix4 (c Six4), Esteve and Bovolenta (1999) ; human SIX4/AREC3 (h SIX4), Ozaki et al. (1999) ; human SIX5/DMAHP (h SIX5), Boucher et al. (1995) and Wester®eld, 1998). In the developing inner ears, six4.1 is expressed at 37 h in the ventral edge (Fig. 4E) , where the maculae and the vestibular/acoustic ganglia are formed (Haddon and Lewis, 1996) , and weakly in the semicircular canals at 60 h (Fig. 4F ). Preotic and postotic lateral line placodes are separated into the anterodorsal and anteroventral, or the middle and supratemporal components, respectively, giving rise to the ganglia and neuromasts of the cranial lateral lines (Raible and Kruse, 2000) . six4.1 is expressed in all neuromasts (Fig. 4G±I) . The trunk lateral line is formed from the migrating placode of the midbody lateral line, which drops off six primary neuromasts in a stereotyped pattern within 48 h, followed by an appearance of the secondary neuromasts in a rostrocaudal wave between the preexisting primary neuromasts (Metcalfe, 1989) . Expression of six4.1 is observed in both the primary and secondary neuromasts (Fig. 4J) .
The expression pattern of six4.1 in cranial sensory organs is quite similar to that of eya1 (Sahly et al., 1999) . A Drosophila homologue of the Six proteins, sine oculis, has been demonstrated to interact directly with eyes absent, a Drosophila homologue of the Eya proteins, and that these two proteins synergize in inducing ectopic eyes in the¯y (Pignoni et al., 1997) . Recently, we have shown that mouse Six4 protein interacts with Eya1 and that co-transfection of Six4 and Eya1 in cultured cells enhances the expression of Six4-target genes (Ohto et al., 1999) . Considering these observations, present results suggest that Six4.1 and Eya1 may interact in precursor cells of the cranial sensory organs and function cooperatively during their formation.
six4.2 expression in the paraxial mesoderm continues past the end of gastrulation. During the early segmentation period, six4.2 is expressed uniformly in both the differentiated somites and the presomitic mesoderm (Fig. 5A,B) . Cells in the adaxial mesoderm are also positive for six4.2. As somitogenesis proceeds, the expression in the adaxial mesoderm including the muscle pioneers is lost, and strong and weak expression regions of six4.2 in the presomitic mesoderm are observed (Fig. 5C,D ). An additional expression site of six4.2 is the otic vesicle (Fig. 5C,E) ; the expression is weaker than that of six4.1. Later, six4.2 begins to be expressed in the proximal mesenchyme of the pectoral ®n buds around 36 h (data not shown). Anterior and posterior patches of expression in the proximal ®n bud are observed after the ®n fold starts to form ( Fig. 5F,G; data not shown) . The expression pattern of six4.1 in the pectoral ®n bud is basically the same as that of six4.2 (data not shown). Ubiquitous expression of six4.3 continues until around 18 h when the expression in the telencephalon and the trunk region fades away (data not shown). In 24 h embryos, the expression of six4.3 is restricted to the tectum and weakly to the diencephalon, eyes and otic vesicles (Fig. 5H,I ).
The expression of mouse Six4/AREC3 (Ohto et al., 1998; Ozaki et al., 1999; unpublished results) and chicken cSix4 (Esteve and Bovolenta, 1999) in both the cranial placodes and the developing somites has been demonstrated. These two sites correspond to the expression areas of six4.1 and six4.2 in zebra®sh, respectively. Given the sequence similarity in the SD, HD and CHR among Six4.1, Six4.2 and mouse Six4 proteins, both six4.1 and six4.2 are most likely to be orthologs of mammalian Six4, and may be derived from a single ancestral Six4 gene. On the contrary, an additional zebra®sh Six4 gene, six4.3, is expressed with unique pattern. Since its sequence is not highly homologous to mammalian Six4 proteins, we suggest that six4.3 is a novel vertebrate Six4 isoform.
Materials and methods

Isolation of zebra®sh Six4 cDNAs
The zebra®sh six4.1, six4.2 and six4.3 cDNAs were isolated from a l ZAP-II gastrula cDNA library (Rebagliati et al., 1998 ) using a mixture of PCR-derived partial fragments of zebra®sh six genes as probes .
Whole-mount in situ hybridization
Embryos were analyzed by whole-mount in situ hybridization as described by Oxtoby and Jowett (1993) with slight modi®cations. RNA probes were prepared from the cDNAs of zebra®sh six4.1, six4.2, six4.3and dlx3 (Akimenko et al., 1994) . 3 is expressed in the tectal ventricular zone (thick arrows). Additional abbreviations: d, diencephalon; mh, midbrainhindbrain boundary; ps, presomitic mesoderm; r, rhombencephalon; s, somites; tm, tegmentum; tc, tectum. Scale bars, 100 mm for (A±E,H,I) and 50 mm for (F,G).
